Abstract-Foil conductors and primary and secondary interleaving are normally used to minimize winding losses in highfrequency (HF) transformers used for high-current power applications. However, winding interleaving complicates the transformer assembly, since taps are required to connect the winding sections, and also complicates the transformer design, since it introduces a new tradeoff between minimizing losses and reducing the construction difficulty. This paper presents a novel interleaving technique, named maximum interleaving, that makes it possible to minimize the winding losses as well as the construction difficulty. An analytical design methodology is also proposed in order to obtain free-cooled transformers with a high efficiency, low volume, and, therefore, a high power density. For the purpose of evaluating the advantages of the proposed maximum interleaving technique, the methodology is applied to design a transformer positioned in the 5 kW-50 kHz intermediate HF resonant stage of a commercial PV inverter. The proposed design achieves a transformer power density of 28 W/cm 3 with an efficiency of 99.8%. Finally, a prototype of the maximum-interleaved transformer is assembled and validated satisfactorily through experimental tests.
In order to reduce winding loss, the primary and secondary windings of high-frequency (HF) transformers are usually sectioned and interleaved, and special wire geometries, such as litz and foil conductors, are used [5] [6] [7] . Compared to litz wire, a foil conductor is preferred due to its higher width-to-thickness ratios, which provide lower dc resistances and higher fill factors, its better heat conduction which facilitates heat transfer to the environment, and its lower cost [1] , [8] . However, the conventional procedure for interleaving foil windings complicates the transformer assembly since taps are required to connect in series the beginning and end of each winding section. Although special techniques have been proposed to interleave windings and minimize both losses and assembly difficulty [8] , [9] , they have limitations since they are only applicable either to transformers with turns ratios that are close to the unity or to planar transformers.
Furthermore, the design of HF transformers needs to address the interdependence between core sizing, foil thickness sizing, and winding interleaving, which complicates the design process. The problem is usually solved by means of an iterative process that depends on the designer's experience and may entail the omission of some of the complex electromagnetic, thermal and construction interdependencies existing amongst the design parameters [5] [6] [7] , [10] [11] [12] [13] [14] .
To address the challenge of optimal HF transformer design, this work proposes first an innovative technique, termed maximum interleaving, which makes it possible to minimize losses while minimizing the number of taps required and, consequently, the construction difficulty. Then, a novel noniterative analytical methodology to optimally design HF transformers is proposed, leading to the direct resolution of the design problem as a nonlinear optimization problem of only four design variables. The methodology comprehensively formulates the complex multiphysical phenomena present in the operation of an HF transformer and the dependencies that arise between these phenomena in the transformer design process.
Moreover, given the fact that winding interleaving may not be advisable in some applications, such as when a high leakage inductance or a low interwinding capacitance is required or in high-voltage applications, the scope of the design methodology proposed in this paper is extended to include a noninterleaved approach. This is then used as a reference point to assess the advantages of the maximum interleaving technique.
The paper is organized as follows. Section II presents the models for the calculation of the core loss, foil winding loss and transformer thermal resistance for use in the design process. Section III explains the maximum interleaving and the winding loss calculation when this technique is applied. Section IV discusses the transformer design problem and proposes the optimal design methodology. With this methodology two theoretical designs for a PV application are obtained in Section V, one with maximum-interleaved and the other with noninterleaved windings. When comparing both designs, the maximum interleaving design achieves the best performance in terms of power density and efficiency. A prototype for the maximum interleaving design is then built in Section VI, paying particular attention to the assembly process and the use of low-cost standardized materials. The prototype is finally validated by means of experimental tests with satisfactory results.
II. TRANSFORMER MODELING

A. Core Loss and Geometry
In the transformer design, the calculation of the core loss is made in practice through empirical formula based on the Steinmetz equation [15] . For typical HF power transformer applications, in which the voltage applied is rectangular in form, with or without zero voltage periods, the modified Steinmetz equation (MSE) [16] , the improved generalized Steinmetz equation (iGSE) [17] , and the improved iGSE (i 2 GSE) [18] have been shown to be accurate core loss empirical models [18] [19] [20] . Each model improves the accuracy of the previous one but with an increasing complexity. Thus, the MSE is generally used to calculate the core loss in design processes due to its good tradeoff between accuracy and simplicity [12] . Its expression is [16] 
(1) where f is the applied voltage waveform frequency, B p is the magnetic induction amplitude, τ ope is the operating temperature of the magnetic material, V c is the magnetic core volume, C m , x, and y, and c T 2 , c T 1 , and c T 0 are the losses and temperature coefficients for the material, respectively, as provided by the manufacturers in their datasheets, and f eq is the equivalent frequency Fig. 1 shows the geometry of the double U and double E cores commonly used in power applications. Traditionally, the core geometry is characterized by five characteristic dimensions: mean length turn of a winding that completely fills the window (MLT c ), equivalent volume including the core and windings (V e ), effective cross-sectional area of the core (A c ), window area (A w ), and core volume (V c ). The latter three dimensions only depend on the type of core while the first two also depend on the place where the windings are wound. Table I shows, for the two most common winding and core types, the five characteristic dimensions based on the three nondimensional coefficients c 1 , c 2 , c 3 , and the dimensional factor a defined in Fig. 1 . In the fourth column, the characteristic dimensions are expressed based on the characteristic coefficients mlt c , v e , a c , a w , v c , and the dimensional factor a in order to facilitate its use in the design process. By applying these generic form expressions, the core loss can be expressed as follows:
where coefficient K 1 is
where k mag is the ratio between the losses for a nonsinusoidal magnetic induction and those for a sinusoidal one and can be expressed as a function of the length of the zero-voltage period in radians θ as follows [19] :
B. Foil Winding Losses
When operating at high frequencies, the amplitude and nonuniformity of the current density distribution in the winding cross-sectional area increase due to the well-known skin and proximity effects. This can lead to an increase in winding loss. In order to reduce this increase as far as possible, foil conductors are used. The calculation of the foil winding loss has aroused great interest since Dowell's work [21] and its generalization in [22] until nowadays [23] . The power loss in a foil winding section of p layers filling the full window height with thickness h is calculated in this work by means of the expression proposed by Snelling [24] based on the approximation of the analysis made by Dowell [21] for h ≤ δ
where I rms is the rms winding current, δ is the skin depth, and R dc is the dc resistance. The expressions for these latter two parameters are
where f i is the current waveform frequency, MLT w is the mean length turn of the winding, N is the number of turns, σ is the material conductivity, μ is the magnetic permeability, and w f is the foil height. When the foil thickness is greater than the skin depth, this expression overestimates the winding loss.
C. Thermal Modeling
It is possible to use both theoretical and empirical models to estimate the thermal resistance of the transformer in a steady state. A wide range of theoretical thermal models are available, depending on the heat transfer mechanisms considered and their interpretation. Empirical models achieve a similar accuracy to theoretical ones, but with greater simplicity [6] , [11] , and are therefore generally preferred for use in the design process. In fact, the value of the transformer thermal resistance R th is probably the most uncertain parameter in the entire transformer design [13] . Studies made by the magnetic material manufacturers show that it is possible to establish an empirical relationship between the thermal resistance of the transformer and the volume of its core [25] , [26] . Based on the data included by the manufacturers in their application notes for various double E and double U ferrite cores, for a temperature increase of 50°C, and including the core volume in its generic form as shown in Table I , the empirical formula for the thermal resistance R th of a naturally cooled transformer is as follows:
where R th is expressed in°C/W, v c is a nondimensional factor, and a is expressed in meters. Very similar expressions are commonly used in design processes for soft magnetic materials with relatively high thermal conductivity such as ferrites, nanocrystalline, and amorphous iron alloys [7] .
III. MAXIMUM INTERLEAVING: OPTIMAL WINDING DISTRIBUTION
A. Conventional Interleaving
Thanks to the presence of a secondary winding, it is possible to reduce the amplitude of the magnetomotive force (f mm ) in the window responsible for the proximity effect. With this end, primary and secondary windings are usually divided into sections and interleaved. The interleaving reduces the number of layers per section p and, thus, as can be seen from applying (6) , also the losses in the interleaved winding. However, this entails considerable construction difficulty as, in order to series-connect the last turn of one section with the start of the following section, taps need to be made. As a result, the maximum feasible interleaving is limited by this construction complexity [5] , [8] .
Considering now an example in which four turns for the primary and eight for the secondary are required with primary current value i, Fig. 2 shows three different possible winding configurations and their resultant f mm distributions. As indicated in Fig. 2(a) , one option is to make a 4-8 winding arrangement, i.e., no interleaving, having a primary section with four turns (p = 4) and a secondary section with eight (p = 8). Consequently, maximum values are obtained for the f mm and proximity effect losses, and no taps are required, thereby the winding process difficulty is minimum.
As shown in Fig. 2(b) , another option is to divide the windings into two groups with a 2-4 configuration. This is an intermediate interleaving comprising two primary sections with two turns each (p = 2) and two secondary sections with four turns each (p = 4). In this case, in comparison with the first option mentioned earlier, the maximum f mm has been halved, leading to lower losses. However, the construction process is more complicated, consisting in making two turns with the insulated primary foil and then cutting it. The insulated secondary foil is then wrapped around the primary and cut. The process is then repeated, but when starting the second primary section, the end of the first section needs to be connected to the beginning of this second section. This connection is called a tap. The same procedure is followed for tapping the secondary sections. This interleaving level is an acceptable tradeoff between losses and construction difficulty [5] , and, therefore, manufacturers do not usually continue increasing the interleaving.
When the number of layers per section for the primary and secondary is minimized, the windings are fully interleaved and the f mm and the proximity effect losses are also minimized. However, this design creates the greatest construction difficulty, requiring the higher number of cuts and taps. As indicated in Fig. 2(c) , in the example studied, the windings are fully interleaved when four groups are formed with a 1-2 configuration. Consequently, six taps are needed; three taps to series-connect the primary turns and another three to series-connect the end of each secondary section with the beginning of the next.
It should be pointed out that the interleaving affects the parasitic elements of the transformer. The greater the interleaving, the lower the energy stored in the stray magnetic field and the greater the energy stored in the stray electric field between the primary and secondary windings. In this way, the greater the interleaving, the lower the leakage inductance and the greater the capacity between the primary and secondary windings [7] . Consequently, depending on the application, the interleaving may not be advisable. For instance, when electromagnetic interference (EMI) needs to be minimized, when leakage inductance is used as a filter or resonant components [27] , [28] , or in high voltage applications in which primary and secondary windings are grouped into separate chambers due to isolation concern, a noninterleaved structure is preferred.
B. Maximum Interleaving of Foil Windings
In order to maximize the reduction of the proximity effect yet without a complicated assembly, a new winding interleaving technique, named maximum interleaving, is proposed in this paper. With this technique, the f mm distribution is the same as for the conventional fully interleaved winding configuration, however, due to the construction process proposed, the number of taps required is reduced to the minimum technically necessary. In order to make it easier to understand the proposed technique, this is first applied to the example earlier (see Fig. 3) , and it is then generically described.
In the first step, three insulated foils are wound around the magnetic core's central leg to make four turns. The first foil has the primary winding thickness, while the second and third foils have the secondary thickness. Finally, and as detailed in Fig. 3 , the beginning of the third foil is soldered to the end of the second foil through a tap, so that the second and third foils are series connected and eight turns for the secondary winding are completed. In so doing, the same minimum losses as for conventional full interleaving are achieved yet with a much simpler construction, given the fact that only one tap is needed instead of the conventional six. The maximum interleaving technique proposed in this paper is generically described later. It can be easily applied to any transformer ratio, even a noninteger number. The winding with the least number of turns (N A ) is termed A while the one with the greatest number of turns (N B ) is named B. One foil conductor is taken for winding A, and p foil conductors for winding B, with p equal to
where generic transformation ratio n, taken as the quotient between the number of turns for windings A and B, equal to N p /N s for step-up transformers and N s /N p for step-down transformers. The conductor for winding A and the p conductors for B are insulated from each other and then placed one on top of the other in order to proceed with the winding. From here onward, the following two cases can be differentiated: 1) Decimal part of 1/n ࣙ 0.5: Fig 4 shows the cross section of the central leg of a double E core with a generic winding distribution for this case. As can be seen, the conductors are wound jointly and continuously, with the conductor of the winding with the least number of turns positioned inside, until z number of turns has been reached
Turn z indicates the end of the winding of the p-p external conductors of winding B, where p is
In this way, p -p foils of winding B are cut at turn z as indicated by an × in Fig. 4 . Then, the remaining turns are wound until N A is reached, however in this case p conductors are used for winding B. Once the winding has been completed, the next step is to use taps to connect in series the ends of the various layers of the winding B. The end of layer 1 is connected to the start of layer 2, and so on, until the end of layer p-1 is connected to the start of layer p.
If p is less than 1, then this means that when z turns have been wound, less turns need to be given to winding B than to winding A. In these cases, it is sufficient to equal p to 1 and make the remaining turns until N B has been reached. Then, the remaining turns are made for winding A until reaching N A . An example of this special case is shown in Section VI. 2) Decimal part of 1/n ࣙ 0.5: Fig 5 shows the cross section of the central leg of a double E core with a generic winding distribution for this case. Likewise, the windings are made jointly and continuously, however locating the p conductors of the winding with the largest number of turns on the inside. So N A turns are made around the central leg of the core, and then the winding of B is completed by one more turn with p conductors
For this purpose, the p-p external conductors of winding B are cut and ended after turn N A . Finally, the layers of winding B must be series connected. As in the case mentioned earlier, the end of layer 1 must be connected to the start of 2 and so on until the end of layer p-1 has been connected to the beginning of layer p.
If p is greater than p, then after turn N A an additional turn should be given with p conductors of winding B, cutting the 2p-p external conductors and giving an additional turn with the remaining p -p conductors. It can be concluded that the maximum interleaving serves to minimize the proximity losses in the transformer windings while it also minimizes the construction complexity, given the fact that the number of taps required is reduced to p-1.
C. Total Winding Losses Calculation
1) Maximum-Interleaved Windings:
The expression for the total power loss in the transformer windings when implementing maximum interleaving is now obtained for use in the novel transformer design process that is proposed in Section IV. First, the number of turns N for any winding can be expressed according to the magnetic induction amplitude B p with frequency f by means of the rms voltage equation V rms induced in the said winding
where k sh is the waveform factor, equal to 1 when a square voltage is applied and to 1.11 when the voltage is sinusoidal. For other voltage waveforms, k sh have to be specifically calculated as indicated in [7] . When the maximum interleaving is implemented, it can be assumed that the mean length turn MLT w is equal for both transformer windings, and equal to the mean length of the core MLT c . The winding with a least number of turns, named A, has a single layer of thickness h A in all its sections, while the other, named B, has p layers of thickness h B in most of its sections and p in the rest. To simplify the design process it is considered that, across the length of the winding, there is a constant number of layers per section p. Introducing (14) in (6), including the generic expression for the characteristic core dimensions developed in Table I , expressing the foil height w f as the height of the window c2·a multiplied by height fill factor k h , and particularizing for each of the windings, the losses are obtained for the winding with the least number of turns P w A and for the winding with the greatest number of turns
(15)
By referring voltages and currents to the winding with the least number of turns by means of transformation ratio n defined in (10), introducing δ according to the current frequency f i in (7), and adding both expressions, the total losses in transformer windings P w ,t are obtained
where coefficients K 2 and K 3 have the following expressions:
As the length of the taps is negligible and the number of taps is minimum, the increase in losses due to the taps in maximum-interleaved windings can be disregarded.
2) Noninterleaved Windings:
As explained earlier, sometimes a noninterleaved winding distribution is preferred. In this case, the number of layers per section p is equal to the number of turns of the winding N. Thus, particularizing (6)
(20) Furthermore, the mean length turns of the different windings are no longer equal. For the case of two windings wound around the central leg of a shell type core, the winding A and winding B mean length turns MLT A and MLT B , respectively, can be approximated as
Introducing (14) in (20), including the generic expression for the characteristic core dimensions developed in Table I and in (21) and (22), particularizing for each of the windings, and following a similar procedure to the one indicated in the section earlier, the total losses in noninterleaved transformer windings are obtained
where coefficient K 4 is
If the waveform is not sinusoidal, and both for fully interleaved and for noninterleaved windings, then P w ,t can be calculated as the sum of the losses due to each of the current harmonics P w ,j [29] 
where n max is the greatest harmonic considered. For each harmonic, the harmonic rms current I A,rms,j and frequency f i,j need to be introduced in coefficients K 2 , K 3 , and K 4 .
IV. TRANSFORMER DESIGN METHODOLOGY
For a design to be feasible, two requirements must be met. First, the windings must fit into the magnetic core window. As the foils fully take the core height up, this requirement named the geometric limit in this paper, turns into an inequality expressing that the total winding width needs to be lower than the core width c1·a (Fig. 1) as follows:
where k w represents the loss of available space due to both the coil former and the insulations between turns of the same winding and between windings. By particularizing this inequality for maximum interleaving, referring the number of turns for winding B to winding A, and replacing the number of turns for winding A by its expression in (14), the geometric limit can be expressed as follows:
where coefficient K 5 has the following expression:
Coefficients K 6 and K 7 model the thickness of the electrical insulation. Thus, they are a function of the type of interleaving implemented. For maximum interleaving, K 7 is equal to the coil former thickness k cf and K 6 is
where g AB is the insulation thickness between windings A and B and g B is the thickness of the insulation between the turns of winding B. For noninterleaved windings, K 7 is equal to the sum of k cf and g AB and K 6 is
where g A is the thickness of the insulation between the turns of winding A. The second requirement, named thermal criterion, is that the transformer must be able to transfer the heat produced by its total losses P t to the environment with a temperature rise Δτ equal to or less than the maximum allowable rise Δτ max R th · P t = Δτ ≤ Δτ max (31) where P t is obtained by adding the core loss P c in (3) to the total winding loss given by (17) for maximum-interleaved and (23) for noninterleaved windings. Furthermore, the transformer design needs to deal with two contradictory design criteria, which are minimum volume and maximum efficiency. For the power range studied in this paper, natural ventilation is adopted as a good tradeoff between these two design criteria, given the fact that its relatively low dissipation capacity ensures high efficiencies [30] , [31] . Consequently, minimizing the transformer volume is considered to be a priority criterion in the free-cooled transformer design process. In this design process, the thermal rise is preset to 50°C and, thus, the empirical expression for thermal resistance in (9) is applicable.
As will be shown later, this expression also offers good results for different temperature rises typical of design processes. If the empirical expression of the thermal resistance in (9) is introduced in the thermal criterion in (31) 
Two conclusions can be drawn from (32). First, in order to minimize the core volume, the temperature increase must be maximized and, consequently, the thermal limit must be converted to an equality. Second, by minimizing the total losses, the transformer core volume is minimized to give an optimal design. Consequently, the design problem becomes a nonlinear optimization problem in which the function of total losses is minimized, subject to the equality imposed by the thermal criterion and the geometric limit min P t s.t. R th · P t = Δτ max (thermal equality)
As can be seen, the resolution of (33) is complicated due to the considerable number of variables involved and the strong nonlinear nature of the problem. However, as the range of soft magnetic materials on the market is limited, there are few possible values for C m , x, y, and B sat . Furthermore, shape coefficients c1, c2, and c3 of the two high-power core shapes are closely delimited. Therefore, the solution proposed consists in covering the ranges of all the possible values for these coefficients and solving (33) with respect to the following four design parameters: dimensional factor a, magnetic induction amplitude B p , and primary and secondary foil thicknesses h p and h s , which are equivalent to h A and h B , respectively, for a step-up transformer and to h B and h A for a step-down transformer.
The flowchart for the proposed design methodology is shown in Fig. 6 . In the first step, the design specifications are established, including the magnetic materials available, the core types and the shape coefficient ranges to be considered. The second step scans the various combinations between the core types and shape coefficients considered. For each combination, the optimization problem presented in (33) is resolved for each magnetic material. Once a set of core shape coefficients c1, c2, and c3 has been determined, the minimization of the core volume or, in other words, the minimization of dimensional factor a, is equivalent to the minimization of the equivalent volume of the complete transformer. From the different magnetic materials, the one that achieves the minimum value for a is selected, thereby ensuring that the best design in terms of minimum volume and minimum losses is selected. Finally, in step three, once all the core types and ranges for the shape coefficients have been scanned, the designs stored in the second step are compared and the design with the smallest equivalent volume is selected as the optimal overall design. Unlike traditional design methods [5] [6] [7] , [11] , [12] , the problem resolution by means of the design methodology proposed is not iterative and is not based on generally accepted rules of thumb founded on expertise but not theoretically justified. Instead, it is possible to make a comprehensive analysis of the design problem thanks to its formulation through analytical models. Therefore, the result obtained is neither conditioned by the designer's prior experience nor by market limitations (for instance, the commercially available magnetic cores and windings). The methodology makes it possible to achieve optimal theoretical designs and to analyze the trends of the key design characteristics, making it a highly interesting tool for designers of power electronics converters.
V. DESIGN EXAMPLE
In order to illustrate and validate the design methodology, this section discusses the design of a transformer for use in the commercial single phase resonant inverter for PV systems shown in Fig. 7 . This inverter comprises an initial boost stage, an unregulated intermediate HF ZCS series half-bridge resonant converter in which the transformer is included and a final gridconnected full-bridge inversion stage.
The main specifications for the design are a nominal power S of 5 kW, a 50 kHz operating frequency and a step-up transformation ratio 1/n of 1.6. As the transformer operates in a 60 kHz resonant tank, the applied voltage is a 215 V square waveform resulting in a triangular magnetizing current. Furthermore, as a result of the resonance between half bridge capacitors C R and inductor L R , the current has a truncated sinusoidal waveform mainly composed of the fundamental and third harmonic components I p50 and I p150 , respectively. Thus, when evaluating the winding loss, the nominal primary current consisting of a 50 kHz-42 A fundamental and a 150 kHz-4.7 A third harmonic is considered as indicated in (25) . The maximum permitted ambient temperature is 50°C, which, together with a maximum operating temperature of 100°C, gives a maximum temperature increase of 50°C. Finally, the considered ranges for core shape coefficients c1, c2, and c3 are 0.1-2, 1-4, and 1-6, respectively. Table II shows the characteristics and loss coefficients for the soft magnetic materials that are suitable for this application. In order to investigate the benefits of the maximum interleaving technique when compared to a noninterleaved solution, the design methodology described in Fig. 6 is now implemented in MATLAB, for both maximum-interleaved and noninterleaved windings.
The design characteristics of the optimal designs obtained, named Maximum-Interleaved and Noninterleaved 1, respectively, are shown in Table III . When compared to the MaximumInterleaved design, the volume of Noninterleaved 1 is 25% greater and the total losses at rated power are 21% greater. For this application, the optimal magnetic material is power ferrite N87 for both designs and the optimal cores are double E with high, narrow windows. This is due to the fact that, as foil windings are used, an increase in the height of the windings leads to a decrease in winding losses, in other words it is possible to increase the conductive area without increasing the losses due to the HF effects. However, the increased height entails an increase in the volume of the core since it has to enclose the windings, thereby increasing the core losses. There is therefore an optimal height at which the sum of the losses at the windings and core is minimal.
In the Noninterleaved 1 design, in order to reduce the proximity effect losses, the thicknesses of the primary and secondary foils are approximately one-fourth of the skin depth δ. While for the Maximum-Interleaved design, in which the proximity effect has been considerably reduced, thanks to the winding configuration, these thicknesses are close to δ. Therefore, in order to obtain a reasonably low resistance R dc for the Noninterleaved 1 design a far greater winding height and window height/width ratio is required than for the Maximum-Interleaved design. Specifically, the optimum window height/width (ratio c2/c1) for the Noninterleaved 1 design has a disproportionate value of 27, while the Maximum-Interleaved design has a value of 4.4, which is a normal value for standardized cores.
A core such as the optimal one obtained for the Noninterleaved 1 design is not always readily obtained on the market and may not easily fit into the converter shell. Therefore, in order to appreciate the real benefits of the maximum interleaving technique, this paper proposes a second noninterleaved winding design, named Noninterleaved 2, with some core dimensions that are more commonly found on the market, but not optimal in terms of efficiency. Reviewing the possibilities available on the core market, we propose a maximum ratio of c2/c1 of 6 to implement the methodology. In this case, the improved performance resulting from the use of the maximum interleaving technique is logically greater. For the Noninterleaved 2 design, the volume is 78% greater and the losses are 39.5% greater than for the Maximum-Interleaved design.
It is also interesting to study the evolution of other design characteristics such as the fill factor, the magnetic induction amplitude, the primary and secondary foil thicknesses, and the power loss distribution between core and windings. In the first two designs, the core window is optimally shaped and, therefore, the window is fully filled with copper reflecting the fill factor the minimum space required by the insulation. With regard to the last design indicated earlier, as the core is not of an optimum size, the window is not completely filled with copper. A greater fill, by increasing the foil thickness or the number of turns, would only lead to an increase in total losses. For the three designs, the magnetic induction amplitude is much lower than B sat , as is usual in free-cooled power applications [12] , [13] , and the primary and secondary thicknesses are different. In the Maximum-Interleaved design, as the primary winding only has one turn per section, it is not surprising that its thickness is close to the skin depth δ. In the secondary winding, as there are two turns per section, the proximity effect is greater and, therefore, its thickness is less than δ. According to [29] , for this application, the optimal thicknesses would be h p = 1.27δ and h s = 0.97δ. In actual fact, these values would be optimal if only the winding loss is taken into account. However, when the whole transformer is sized, the foil thickness affects the window width required and, therefore, the core volume, having a direct impact on its losses and on the total transformer volume. It is, therefore, logical that the foil thicknesses for the optimal transformer are less than the optimal values determined by [29] .
The goodness of the approximation carried out for the calculation of the winding loss in (6) is now assessed. It can be seen that, for the first harmonic, the winding thicknesses comply with the range for which the approximation was carried out, h ≤ δ 50k . However, when evaluating the losses resulting from the third current harmonic, the following is obtained: h p = 1.76δ 150k and h s = 1.14δ 150k . Therefore, a precise calculation of the losses resulting from this harmonic is now made and the results compared with the approximated calculation. For the third harmonic, the exact losses for the primary and secondary are 0.14 W in both cases, while the value obtained with the approximation are 0.16 and 0.14, respectively. As previously indicated, the approximation overestimates the losses when the thickness exceeds the skin depth, so the design does not lose its validity.
With regard to the power loss distribution, an optimal ratio between magnetic and copper losses is sometimes proposed to minimize the total losses [12] [13] [14] . This optimal ratio is derived from a theoretical development in which the total losses are minimized with respect to only one design variable, being the number of turns in [14] , or the equivalent magnetic induction amplitude in [12] and [13] . Both cases give the same optimal ratio, equal to 2/y, which is 0.78 for the N87 ferrite used in this case. In the Maximum-Interleaved and the Noninterleaved 1 designs, the optimal ratios to obtain minimum losses are 0.7 and 0.74, respectively, both very close, but not equal to the conventional optimal ratio. The fact that this conventional ratio does not achieve the potential minimum losses is because no account is taken of the HF effects on the winding loss, which are affected by the design parameters. In this paper account is taken of the effects of HF on the windings and also the interdependencies existing between the various design parameters.
VI. PROTOTYPE ASSEMBLY AND EXPERIMENTAL VALIDATION
After demonstrating the superior performance of the maximum interleaving transformer design in theory, in this section a prototype is constructed and then experimentally validated. As shown in Table III , the analytical design methodology leads to a noninteger number of turns, which is difficult to implement in practice. Furthermore, the core and the foil conductor thicknesses must be adapted to commercially available, reasonably priced products. Thus, the optimal design is now converted into a commercial one, with the characteristics shown in Table IV. As it is shown, the optimal design can be easily adapted to the commercial environment, although, obviously, the exact characteristics of the theoretical design cannot be reproduced.
The transformer assembly process, in which the proposed maximum interleaving technique is implemented, is described later. Fig. 8 shows a longitudinal section of the transformer in which the width of the window is represented with a scale of 2:1 and only one core drawn. First, as 1/n is equal to 1.6, a primary conductor must be wound together with two secondary conductors on the coil former, i.e., p = 2. To do so, three conductors are cut, one for the primary with a thickness of 0.406 mm and a length equal to 8 times the MLT c , and two secondary ones with a thickness of 0.203 mm and a length that is 7 times the MLT c . Terminal P * is soldered to the start of the primary conductor, terminal S * is soldered to the start of the first secondary conductor, and the terminal required for the tapping is soldered to the second secondary conductor. The conductors are insulated from each other by means of adhesive tape comprising a polyester film and thermoset synthetic adhesive, called TECROLL. As the decimal part of 1/n is greater than 0.5, they are simultaneously wound with the primary conductor located in the interior, until 6 complete turns have been made, i.e., z = floor(13/2) = 6.
Second, as p is less than 1, the outmost conductor of the secondary is cut and terminal S is soldered to its end, i.e., p = 1 and the number of conductors to be cut p-p = 1. Then a further turn is made with the primary conductor and with the remaining secondary conductor. At this point, the end of the tap is soldered to the end of this secondary conductor. This tap series connects the end of the first secondary conductor with the start of the second secondary conductor. This gives 13 turns for the secondary and 7 for the primary; therefore, an extra turn is given to the primary in order to achieve 8 turns. Finally, the three magnetic cores are stacked, the windings are inserted in the window and each E is closed on the other, leaving no air gap. Thus, thanks to the maximum interleaving technique, the windings are fully interleaved with only 1 tap required, instead of the 13 taps required by the conventional interleaving technique.
Once the transformer had been assembled, its correct operation was validated on the test bench shown in Fig. 9 . The HF transformer was placed in a climatic chamber in order to reproduce the worst case ambient design temperature of 50°C. The transformer was connected to the intermediate stage of the PV application shown in Fig. 7 . Its measured secondary voltage and primary current waveforms at rated power are shown in Fig. 10 .
The hot-spot temperature was monitored, and its steady state value was taken when the temperature variation remained below 0.5°C for at least 30 min. The ambient temperature τ am b in the climatic chamber was kept at 50°C throughout the test. Finally, the complete transformer model is applied to estimate its steady state temperature τ estimated at different operating power levels P by means of an iterative process in which the empirical thermal resistance in (9) is used. Estimated and measured steady state temperatures are compared in Table V . From this table, it can be concluded that the estimated and experimental temperatures are in good agreement, showing a good accuracy of the empirical thermal model even at different temperature increases. The estimation error is always negative, meaning that the temperature is always overestimated. Furthermore, a maximum relative error of 4% at rated power was recorded. In short, the selected models for the transformer and the proposed design methodology have been shown to work satisfactorily and to lead to an optimal design in terms of power density and efficiency.
VII. CONCLUSION
This paper presents an innovative foil winding interleaving technique, termed maximum interleaving, which minimizes the winding loss and facilitates construction by minimizing the number of taps required. In addition, an optimal design methodology is developed for medium-power HF foil transformers, directed at meeting the demands for high efficiency and low volume in order to obtain high power densities.
For its use in the design methodology, the most suitable transformer loss calculation and thermal performance models in terms of a tradeoff between accuracy and simplicity are selected and reformulated. Then, the methodology is developed and applied to the design of a 50 kHz transformer for use in a 5 kW PV converter for both maximum interleaved and noninterleaved windings. The noninterleaved design has 78% higher volume and 39.5% higher losses than the maximum interleaving design. Specifically, the maximum interleaving design has an efficiency of 99.8% and a power density of 28 W/cm 3 . Finally, a prototype is assembled and, thanks to the maximum interleaving technique, the windings are fully interleaved through only one tap instead of the 13 required with the conventional interleaving technique. The prototype is satisfactorily validated through experimental tests, obtaining a maximum error at the estimated operating temperature of 4%. He has been involved in more than 62 research projects mainly in cooperation with industry and is the coinventor of eight patents. He has coauthored around 40 journal papers and more than 70 conference contributions. His current research interests include renewable energies, power electronics, hydrogen technologies, electric grid integration, and electric microgrids.
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